Before employing carbon nanotubes (CNTs) in a polymer matrix as potential reinforcement elements, major obstacles, like inhomogeneous distribution and formation of agglomerates, need to be removed. Transmission Light Microscopy is a very quick, cheap and useful tool for roughly quantifying such problems. In this paper, various dispersion methods like simple hand mixing, low power ultrasonic bath, high power bath ultrasonication, tip ultrasonication, high speed mechanical mixing twin screw mini-extrusion and dual asymmetric mixing are used for dispersing amino-modified double walled nanotubes (DWNT-NH 2 ) in epoxy matrix. From relative visual examination, high power bath ultrasonication proved to be the best, whereas, low power bath ultrasonication resulted in the maximum inhomogeneous distribution of nanotubes in epoxy.
INTRODUCTION
Since the discovery of CNTs [1] , they have been extensively examined [2] [3] [4] [5] [6] [7] [8] for their potential implementation as mechanical reinforcements in epoxy matrix. However, major problems like inhomogeneous distribution [9] [10] [11] [12] [13] [14] and the formation of agglomerates [5, [12] [13] [14] [15] [16] have hampered their reputation as potential reinforcing elements in polymers. Mechanical properties of nanocomposites are strongly dependant on the quality of dispersion of CNTs in epoxy matrix [17, 18] . In particular, strength and toughness of composite materials tend to be very sensitive to the quality of the dispersion of fillers [19] .
Dispersion quantification is difficult, and a direct measurement of the true average nanotube separation is not possible [20] . Electron microscopy is very common tool and has been previously used by research groups [3, 7, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] to quantify dispersion, which is a time consuming and expensive method. Agglomerates in the dimension of several tens of micrometers could be detected by light microscopy, which is a first screening tool to get an idea of the overall distribution of agglomerates [7] . Transmission Light Microscopy has been employed by a number of researchers [5, 20, 26, [30] [31] [32] to characterize dispersion of nanotubes in epoxy. It gives very quick, cheap and good estimation of the quality of dispersion. In this paper, for comparison reasons, we report optical micrographs of nanocomposites using some of the common methods (simple hand mixing, low power ultrasonic bath, high power ultrasonic bath, tip sonification, high speed mechanical mixing, twin screw mini-extrusion and dual asymmetric centrifuging/ mixing) employed for dispersing nanotubes in an epoxy matrix.
EXPERIMENTAL DETAILS 2.1 Materials

Epoxy matrix system
The epoxy matrix used in this study consists of a CYCOM 823
® RTM liquid epoxy resin with an aromatic anhydride hardener, supplied by Cytec Engineering Materials, UK [33] . This epoxy system is a standard resin for aerospace industry and infusion processes.
Carbon Nanotubes
Amino-modified double wall nanotubes (DWNT-NH 2 ) were supplied by Nanocyl, S.A., Belgium [34] . As per manufacturers, they come in an entangled cotton-like form, having an average outer diameter of ~2.8 nm, are easy to disperse, having two graphitic shells and have and a length of several micrometers. The amino-functionalisation was accomplished by ball-milling purified DWNTs in ammonia. [7, 34] .
Dispersing Techniques
For characterizing dispersion, a very small amount of nanotubes was added to the epoxy matrix system. In all samples, we put 0.05 wt% of DWNT-NH 2 in our matrix system i.e. epoxy and hardener mixed at 4:1 ratio. Different techniques used for dispersion are given below:
Simple Hand mixing (SHM)
Hand mixing was done using Teflon rod for 15 minutes. After adding hardener, intensive hand mixing was done for another ~3 minutes and the samples were ready for further processing.
Low power Ultrasonic bath (LPUB)
Bath sonification (Ultrawave Ltd, U50, 50 Watts) of solution (epoxy and nanotubes) was carried out for 5 hours. After adding hardener, intensive hand mixing was done for ~3 minutes.
High power Ultrasonic bath (HPUB)
The procedure for high power bath sonification (Decon Ultrasonics Ltd, FS Minor, ~75 Watts) is same as for the low power bath sonification.
Tip Ultrasonication (TU)
TU (Sonics, GEX500, solid probe 5mm, 500 Watts) of solution (epoxy and nanotubes) was carried out for 10 minutes at amplitude 30 and then 15 minutes at amplitude 40. Total energy dissipated in solution was ~9500 joules. After adding hardener, intensive hand mixing was done for ~3 minutes and the samples were ready for further processing.
High Speed Mechanical Mixing (HSMM)
HSMM was carried out using Citenco, F.H.P Motors, LC9 with 4-blade propeller system. After putting nanotubes in epoxy, we homogenized the solution macroscopically by mixing at 750 RPM for 5 minutes. Then we mixed our solution at 3500 RPM for 60 minutes. After lowering speed to 500 RPM and adding hardener, we let it mix for another 90 seconds and the samples were ready for further processing. During mixing, we ensured high viscosity of solution (for high shear forces), by placing ice in contact with mixture container all the time.
Twin Screw Mini-Extrusion (TSME)
A DSM, Micro15, Twin screw micro-compounder/ extruder [35] was employed for dispersing nanotubes in epoxy. After intensive hand mixing for ~3 minutes, for homogenizing roughly, extrusion mixing was carried out for 60 minutes at 200 RPM with water cooling. Then the speed was lowered to 50 RPM and hardener was fed into the extrusion compartment and mixed for another 3 minutes.
Dual Asymmetric Centrifuging/ Mixing (DAC)
Dual Asymmetric Mixer (FlackTek SpeedMixer TM DAC 150 FV, Hauschild, Germany) works by spinning a high speed-mixing arm at speeds up to 3,500 RPM in one direction while the basket rotates in the opposite direction, producing a combination of forces in different planes that enables incredibly fast mixing [36] . We homogenized epoxy and nanotubes at 3500 RPM for one minute and after adding hardener, we mixed the solution for 30 seconds. We followed the same procedure for dispersing nanotubes as followed by Ganguli et al. [37] . The obtained solution, ready for further processing, was free of air-bubbles/ gases, so it did not require degassing.
Degassing, Curing and Transmission Light Microscopy
After homogenizing using mentioned techniques, we put a very small drop of liquid mixture (using 0.2 mm Mo wire) on a glass slide (Polysine microscope slides, VWR) and put another slide on the top of it, such that the drop spreads in between both slides. All samples (except sample mixed in DAC) were then degassed in a vacuum oven (25' Hg, room temperature) for 30 minutes and then cured at 125 o C for 60 minutes. Curing parameters, degassing parameters and mixing ratio of epoxy and hardener were all according to suppliers standard instructions [33] . For all samples, microscopic examination was carried out at 5x using Olympus, BX60F fitted with a live camera assembly.
RESULTS AND DISCUSSION
Amino-modified double wall nanotubes (DWNT-NH 2 ) are used as our nanofillers as Cadek et al. [38] theoretically and experimentally showed that DWNTs-polymer composites, as compared to other CNTs-polymer composites, give a very good compromise between dispersability and intrinsic nanotubes properties and declared small diameter MWNTs (in other words DWNTs) as very good candidates for polymer reinforcement. Furthermore, amino modified DWNTs with epoxy shows the best set of mechanical properties as reported by Gojny et al. [7] . Amino functionalisation significantly improves the chemical affinity between the epoxy and the nanotubes [39] . Improved adhesion of the matrix to the nanotubes was confirmed by TEMimages and enhanced mechanical performance of composites containing amino-functionalised CNTs [39, 40] .
Micrograph reporting can be biased but in this work, we tried to select representative areas, illustrating the true state of the cured sample. All micrographs are reported in Fig. 1 After dispersion, re-aggregation of nanotubes in epoxy system may occur with time [30] , therefore, we cured all mixtures immediately. Aggregation also starts occurring after the addition of hardener in epoxy-CNT composite [32] , so we gave least time mixing hardener with epoxy and DWNT-NH 2 mixture. Low filling fractions of nanotubes in epoxy imply smaller inhomogenities and smaller positive perturbations of mechanical properties [30] , but it is a good way of knowing the influence of procedure employed on the quality of dispersion and agglomeration. As nanotubes tend to form agglomerates because of strong secondary bonds (Van der Waals forces) between them, non-uniformly distributed agglomerates are visible in Sample B, SHM. Even with the use of surfactant in SHM, homogeneous dispersion of MWNT in polymer matrix was not obtained [41] .
Ultrasonication for homogenizing nano-fillers in polymers has been commonly employed by many groups [15, 24, 30, [42] [43] [44] [45] [46] . We gave 5 hours to both types of bath ultrasonication as homogeneity on macro level was obtained after 2 hours in high power bath ultrasonication. It should be noted that ultrasonic waves may reduce the effective nanotube length, making them easy to disperse [7] , but in sample C, LPUB, the power was not sufficient to overcome strong Van der Waals forces between nanotubes, and it ended up in homogeneously distributed agglomerates (~50-100 ìm). In contrast, HPUB (sample D) was good enough to homogenously distribute small (relative to other techniques used in this work) agglomerates of size range ~5-20 ìm. High power (~75 Watts) was the optimal solution (relatively) to achieve better dispersion profile. From optical examination, it can be seen that LPUB (sample C), showed the worst dispersion profile. TU (sample E) provided better results as compared to LPUB (sample C), giving homogeneity, but the sizes of agglomerates are big as compared to the agglomerates in sample D, HPUB. Brown et al. [44] used different solvents and tip-ultrasonication parameters for dispersing nanotubes in epoxy, but their scattering and light microscopy imply that the nanotubes were not dispersed to the tube level and did not show rodlike behaviour on any length scale.
For mixing at nano level, the aggregates, used in HSMM are not yet available in the market, as the existing shapes [47-49] are limited to micro scale. Intensive shear forces for dispersing other nano forms of carbon in polymer give also good results [20, 50, 51] and it is well known that in multi-phases systems, the resulting properties are morphology dependent, which in turn is dependent on the shear history during mixing [52, 53] . HSMM (sample F) did not make any positive contribution towards de-agglomerations and homogeneity. To get maximum mechanical reinforcement from CNTs, they should be individually dispersed in epoxy. The size of agglomerates can be roughly estimated as ~20-100 ìm. Sandler et al. [51, 54] used HSMM for dispersing CNTs in epoxy and reported ultra-low percolation threshold. However, ultra-low percolation thresholds are not necessarily linked to good dispersions. In fact, quite the opposite is often true and the low percolation thresholds found by Sandler et al. [54] are the result of the formation of agglomerated networks. HSMM seems very good for electrical properties but not for mechanical properties, as the reported micrographs [51, 54] and our sample F show micro-sized agglomerates. TSME (Fig. 2) was used for dispersion of nanotubes in polymer by several authors [15, 31] . Thostenson and Chou [15] reported highly aligned nanocomposite films using TSME. However, different sized and nonaligned agglomerates (~10 to >100 ìm) are visible in sample G. This is in contrast of the micrograph reported by Moniruzzaman et al. [31] , who employed SWNT in epoxy using solvent. Employing solvent, adds however another step in processing and the residual solvent has a detrimental effect on the mechanical properties of nanocomposites [31, 55] . It is not easy as well to remove the solvent completely from the solution, as it is a time consuming step, which also favours re-aggregation. Thus processing parameters should be adjusted, to make epoxy itself as a sole solvent for nanotubes. In dual asymmetric mixer (Fig. 3) , surface YZ moves in clockwise direction, while surface XW moves in anti-clockwise direction upto maximum 3500 RPM. The sample is mounted at 45 o to enhance homogenizing forces. DAC is highly recommended by Ganuguli et al. [37] for dispersing CNTs in epoxy. No evidence of agglomeration of the CNTs has been reported in their micrograph when they dispersed MWNT in epoxy matrix. However, in our studies DAC was not able to break entangled DWNT-NH 2 in epoxy, which makes less black phase in sample H. Even the colour of final liquid mixture (Fig. 4) , before curing, was not as dark as compared to all other samples, indicating presence of large agglomerates in the solution. The colour of mixture was dark orange (where pure epoxy was light orange) indicating nonuniform distribution of CNTs at macro level. But DAC has an advantage over other techniques used, i.e. there is no need for degassing the mixture before curing, as there are no bubbles/ gases in the liquid mixture. DAC saves time in processing and may be useful for other types of CNTs as well.
Transmission Light Microscopy of Carbon Nanotubes-Epoxy Nanocomposites Involving Different Dispersion Methods
In short, nanotube aggregation depends on the fabrication method. It should be noted that the transmission light microscopy used in this study is only a first and quick step in the full characterization of dispersion of CNTs in epoxy. By no means it gives the full picture of dispersion at the nano-or even microlevel. Therefore, additional quantification of dispersion at the these scales using more elaborative practices like scanning electron microscopy (SEM), transmission electron microscopy (TEM) or atomic force microscopy (AFM) is still required. On the other hand, quantifying at nanoscale alone will also not give us the whole picture of the sample, as that will cover only a small portion of the sample and will not get an over-all picture of the dispersion.
CONCLUSIONS
Monitoring each and every step in the fabrication of high performance nanocomposites, particularly agglomeration and homogenous distribution of nanofillers, is the key to get maximum out of CNTs, before they can be termed as the ultimate mechanical reinforcements. Transmission Light Microscopy is not only specific to carbon-based nanocomposites, but it is also useful for other micro-and nanocomposites for characterizing dispersion. Apart from the limited resolution problem, it is a quick, cheap and handy solution to get qualitative information about agglomeration and homogeneity. High power bath ultrasonication for 5 hours showed the best dispersion of DWNT-NH 2 in epoxy, whereas low power ultrasonic bath showed the worst dispersion profile as compared to simple hand mixing, tip ultrasonication, high speed mechanical mixing twin screw mini-extrusion and dual asymmetric mixing. However, it should be noted that nanotube homogeneity may vary with processing parameters such as stirring temperature, mixture viscosity, stirring rate and curing temperature [20, 32] , or in other words, the procedure employed.
